SEMICONDUCTOR SENSOR AND TRANSMITTER 
FOR USE IN TIRE CONDITION MONITORING APPARATUS 

BACKGROUND OF THE INVENTION 

The present invention relates to an apparatus for 
monitoring the air pressure of a tire for an automobile, and 
more particularly, to a semiconductor sensor for use in such 
a monitoring apparatus. 

A wireless communication type tire monitoring apparatus 
for monitoring the condition of a plurality of vehicle tires 
from a passenger compartment is known in the prior art. The 
tire monitoring apparatus of the prior art includes a 
transmitter provided for each vehicle tire to transmit a 
signal indicating the air pressure of the tire. The tire 
monitoring apparatus also includes a display for informing 
the automobile driver of the air pressure of each tire. The 
driver monitors from the passenger compartment whether the 
air pressure in each tire is appropriate. 

Each transmitter includes an acceleration sensor for 
detecting whether the automobile is moving. The transmitter 
detects the air pressure and transmits the detection result 
only when the automobile is moving. This reduces 
unnecessary consumption of a primary battery that functions 
to supply power to the transmitter and prolongs the life of 
the primary battery. 

The transmitter has a circuit board. A microcomputer 
and electronic components, which are used in a pressure 
sensor, an acceleration sensor, a primary sensor, a 
transmitting circuit, and an oscillation circuit, are 
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connected to the circuit board. These devices are 
integrated to manufacture a relatively compact transmitter. 
Japanese Laid-Open Patent Publication No. 9-18017 describes 
a pressure sensor and an acceleration sensor of the prior 
art. Among the components of the transmitter, the pressure 
sensor and the acceleration sensor are relatively large. It 
was difficult to decrease the size of these sensors in the 
prior art. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
compact and light semiconductor sensor. 

To achieve the above object, the present invention 
provides a semiconductor sensor including an intermediate 
plate having a first surface and a second surface. A first 
electrode is arranged on the first surface. A second 
electrode is arranged on the second surface. A first plate 
has a cavity for forming a diaphragm and is bonded to the 
first surface. The first plate, the intermediate plate, and 
the cavity define a hermetic chamber. A third electrode is 
arranged in the cavity facing towards the first electrode. 
The third electrode and the first electrode are arranged in 
the hermetic chamber. A second plate is bonded to the 
second surface and has a mass. The second plate includes an 
elastic support for elastically supporting the mass and a 
fourth electrode arranged on the mass facing towards the 
second electrode. 

Another aspect of the present invention is a 
transmitter for use in an apparatus for monitoring a 
condition of a tire on a vehicle. The transmitter includes 
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a semiconductor sensor for detecting acceleration and air 
pressure of the tire. The semiconductor sensor includes an 
intermediate plate having a first surface and a second 
surface. A first electrode is arranged on the first 
surface. A second electrode is arranged on the second 
surface. A first plate has a cavity for forming a diaphragm 
and is bonded to the first surface. The first plate, the 
intermediate plate, and the cavity define a hermetic 
chamber. A third electrode is arranged in the cavity facing 
towards the first electrode. The third electrode and the 
first electrode are arranged in the hermetic chamber. A 
second plate is bonded to the second surface and has a mass. 
The second plate includes an elastic support for elastically 
supporting the mass and a fourth electrode arranged on the 
mass facing towards the second electrode. A controller is 
connected to the semiconductor sensor to determine whether 
the vehicle is moving based on the detected acceleration. 
The controller transmits information of the detected tire 
air pressure when the vehicle is moving. 

A further aspect of the present invention is a 
semiconductor sensor including an intermediate plate having 
a first surface and a second surface. A pressure sensing 
portion is defined on the first surface. The pressure 
sensing portion includes a first electrode arranged on the 
first surface. A first plate is bonded to the first 
surface. The first plate has a cavity for forming a 
diaphragm. The first plate, the intermediate plate, and the 
cavity define a hermetic chamber. A third electrode is 
arranged in the cavity facing towards the first electrode. 
The third electrode and the first electrode are arranged in 
the hermetic chamber. An acceleration sensing portion is 
defined on the second surface. The acceleration sensing 
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portion includes a second electrode arranged on the second 
surface. A second plate is bonded to the second surface and 
has a mass. An elastic support elastically connects the 
second plate and the mass. A fourth electrode is arranged 
on the. mass facing towards the second electrode. 

A further aspect of the present invention is a 
transmitter for use in an apparatus for monitoring the 
condition of a tire of a vehicle. The transmitter has a 
semiconductor sensor including a pressure sensing portion 
for detecting air pressure of the tire and an acceleration 
sensing portion for detecting acceleration. The pressure 
sensing portion and the acceleration sensing portion formed 
integrally with each other. A controller connected to the 
semiconductor sensor for determining whether or not the 
vehicle is moving from the detected acceleration. The 
controller transmits information of the detected tire air 
pressure when the vehicle is moving. 

Other aspects and advantages of the present invention 
will become apparent from the following description, taken 
in conjunction with the accompanying drawings, illustrating 
by way of example the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention, together with objects and advantages 
thereof, may best be understood by reference to the 
following description of the presently preferred embodiments 
together with the accompanying drawings in which: 

Fig. 1 is a schematic diagram illustrating a tire 
condition monitoring apparatus according to a preferred 
embodiment of the present invention; 
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Fig. 2 is a diagram illustrating the internal structure 
of a transmitter; 

Fig. 3 is a block diagram illustrating the transmitter; 

Fig. 4 is a cross-sectional view of a semiconductor 
sensor; 

Fig. 5 is a plan view illustrating a second base; 

Fig. 6 is an exploded perspective view of the 
semiconductor sensor; and 

Fig. 7 is an exploded perspective view of a 
modification of the semiconductor sensor. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A tire condition monitoring apparatus 1 according to a 
preferred embodiment of the present invention will now be 
described . 

As shown in Fig. 1, the tire condition monitoring 
apparatus 1 includes four transmitters 4, each arranged on 
one of four tires 3 of a vehicle 2. The four tires 3 are 
located on the front left side ( FL) , the front right side 
( FR) , the rear left side (RL) , and the rear right side (RR) 
of the vehicle 10. A receiver 6 is arranged in a body 5 of 
the vehicle 2 . 

Each transmitter 4 is fixed to the inside of the 
associated tire 3, such as to a wheel 7 of the tire 3. Each 
transmitter 4 measures the condition, or the air pressure 
and temperature, of the associated tire 3 and transmits the 
measured result (information of the air pressure and 
temperature) in a wireless manner. 

The receiver 6 is arranged at a predetermined location 
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of the body 5 and operated by, for example, the battery (not 
shown) of the vehicle 2. The receiver 6 is connected to a 
receiving antenna 8. The receiving antenna 8 receives the 
measured result of each transmitter 4 through the receiving 
antenna 8. In this manner, the air pressure and the 
temperature of each tire 3 is provided by the transmitter 4 
to the receiver 6. 

The receiver 6 is connected to a display 9. The 
display 9 is arranged in the visual range of a driver, such 
as in the passenger compartment. When the air pressure of a 
tire 3 is abnormal, a warning indication may be shown on the 
display 9. It is preferred that the receiver 6 be actuated 
in accordance with the actuation of an ignition switch (not 
shown) of the vehicle 2. 

The transmitter 4 will now be discussed with reference 
to Figs. 2 and 3. 

Each transmitter 4 includes a casing 11 and a valve 
stem 12, which is formed integrally with the casing 11. Air 
is charged into the associated tire 3 through the valve stem 
12. The casing 11 accommodates a signal processor 13 and a 
battery 14. The casing 11 has a cover (not shown), which 
covers the signal processor 13 and the battery 14. A hole 
(not shown) extends through the casing 11. 

The signal processor 13 includes a rectangular circuit 
board 15. An electronic semiconductor sensor 16 and a 
processing circuit 17 are connected to the circuit board 15. 
The circuit board 15 is fixed to projections 18 and 19, 
which are formed integrally with the casing 11. The circuit 
board 15 is connected to the battery 14, which supplies the 
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processing circuit 17 with power. 

As shown in Fig. 3, the signal processor 13 includes 
the semiconductor sensor 16 and the processing circuit 17. 
The semiconductor sensor 16 includes a pressure sensing 
portion 21 and an acceleration sensing portion 22, which are 
formed integrally with each other. The processing circuit 
17 includes a temperature sensor 23, a transmitter 
controller 24, which is a microcomputer or the like, and a 
transmitting circuit 25. The transmitter controller 24 
includes, for example, a central processing unit (CPU) , a 
read only memory (ROM) , and a random access memory (RAM) . 
The transmitter controller 24 registers an ID code in an 
internal memory, such as in the ROM. The receiver 6 refers 
to the ID code to identify each of the four transmitters 4 . 

The pressure sensing portion 21 detects the air 
pressure of the tire 3 and provides the transmitter 
controller 24 with a signal corresponding to the detected 
air pressure. The acceleration sensing portion 22 detects 
the acceleration of the semiconductor sensor 16 when the 
vehicle 2 moves and provides the transmitter controller 24 
with a signal corresponding to the detected acceleration. 
The temperature sensor 23 detects the temperature of the 
tire 3 and provides the transmitter controller 24 with a 
signal corresponding to the detected temperature. 

The transmitter controller 24 generates air pressure 
information based on the signal from the pressure sensing 
portion 21 and temperature information based on the signal 
from the temperature sensor 23. Then, the transmitter 
controller 24 provides the transmitting circuit 25 with the 
air pressure and temperature information together with its 
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registered ID code. 

The transmitting circuit 25 encodes and modulates the 
air pressure information and the temperature information 
received from the transmitter controller 24 to generate 
modulated data and transmits the modulated data via the 
transmitting antenna 26. 

The transmitter controller 24 determines whether or not 
the vehicle 2 is moving based on the signal from the 
acceleration sensing portion 22. The transmitter controller 
24 generates modulated data only when the vehicle 2 is 
moving and has the transmitting circuit 25 transmit the 
modulated data. When the vehicle 2 is not moving, the 
transmitter controller 24 stops functioning. This reduces 
consumption of the battery 14, prolongs the time during 
which the signal processor 13 is operable, and decreases the 
replacement frequency of the battery 14. 

The configuration of the semiconductor sensor 16 will 
now be discussed. 

As shown in Figs. 4 and 6, the semiconductor sensor 16 
is formed by bonding three plates 30, 40, and 50. The first 
plate 40 is bonded to a first surface 38 of the intermediate 
plate 30. The second plate 50 is connected to a second 
surface 39 of the intermediate plate 30. The intermediate 
plate 30 and the first plate 40 configure the pressure 
sensing portion 21. The intermediate plate 30 and the 
second plate 50 configure the acceleration sensing portion 
22 (refer to Fig. 3). Accordingly, the pressure sensing 
portion 21 and the acceleration sensing portion 22 share the 
common intermediate plate 30. 
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The intermediate plate 30 is a square glass plate. A 
disk-like first electrode 31 is attached to the first 
surface 38 of the intermediate plate 30. A disk-like second 
electrode 32 is attached to the second surface 39 of the 
intermediate plate 30. 

A first terminal 33 and a second terminal 34 are formed 
on one side of the intermediate plate 30 in a manner 
connecting the first surface 38 and the second surface 39. 
A first wire 35 connecting the first terminal 33 and the 
first electrode 31 are formed on the first surface 38 of the 
intermediate plate 30. A second wire 36 connecting the 
second terminal 34 and the second electrode 32 are formed on 
the second surface 39 of the intermediate plate 30. The 
first and second electrodes 31 and 32, the first and second 
terminals 33 and 34, and the first and second wires 35 and 
36 are deposited on the intermediate plate 30. 

The first plate 40 is a square silicon plate and has a 
f rustoconical cavity 41 that defines a diaphragm 42 (refer 
to Fig. 4) in the central portion of the first plate 40. A 
first bonding portion 43 having a flat surface 43a, which is 
bonded to the intermediate plate 30, is defined about the 
diaphragm 42. 

A third electrode 45 is formed on the lower surface of 
the diaphragm 42, or on the surface facing towards the 
intermediate plate 30, in a manner opposed to the first 
electrode. A third electrode 46, which extends parallel to 
the first and second terminals 33 and 34, is formed on the 
side surface of the first plate 40. A third wire 47, which 
electrically connects the third terminal 46 and the third 
electrode 45, extends along the flat surface 43a and the 
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wall of the cavity 41. 

Etching technology and micromachining technology for 
semiconductor ICs are employed to form the first plate 40 
with a predetermined shape. The third electrode 45, the 
third terminal 46, and the third wire 47 are formed by 
depositing conductive material, such as aluminum. 

The first plate 40 and the intermediate plate 30 are 
aligned so that the intermediate plate 30 covers the cavity 
41 of the first plate 40. In this state, the flat surface 
43a of the first plate 40 and the first surface 30 of the 
intermediate plate 30 are anode-bonded. The bonding defines 
a hermetic chamber (pressure sensing chamber) 48 between the 
wall of the cavity 41 (diaphragm 42) and the first surface 
38 of the intermediate plate 30. The first electrode 31 and 
the third electrode 45 are arranged in the hermetic chamber 
48 (refer to Fig. 4) . 

The second plate 50 is a square silicon plate. The 
second plate 50 includes a frame-like second bonding portion 

51, through which an opening extends, a mass 53, which is 
arranged in the opening, and a plurality of spring supports 

52, which extend from the wall defining the opening to 
elastically support the mass 53. As shown in Fig. 5, it is 
preferred that each spring support 52 be curved. 

The second bonding portion 51 includes a flat surface 
51a facing towards the intermediate plate 30. The four 
spring supports 52 support the mass 53 so that the mass 53 
is elastically movable in the direction perpendicular to the 
surface of the second electrode 32 but not movable in a 
direction parallel to the surface of the second electrode 
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32. This is achieved by adjusting the width and thickness 
of each spring support 52. For example, each spring support 
52 is formed so that the spring support 52 is narrow in the 
direction perpendicular to the flat surface 51a and wide in 
the direction parallel to the flat surface 51a. 

As shown in Fig. 4, the mass 53 is f rustoconical and 
the diameter of the surface facing towards the intermediate 
surface (i.e., upper surface) is greater than the diameter 
of the surface on the opposite side of the mass 53 (i.e., 
lower surface) . A fourth electrode 54 is arranged on the 
upper surface of the mass 53 in a manner facing towards the 
second electrode 32. As shown in Fig. 6, a fourth terminal 
55, which extends parallel to the first and second terminals 
33 and 34, is arranged on the side surface of the second 
plate 50. A fourth wire 56, which electrically connects the 
fourth terminal 55 and the fourth electrode 54, extends 
along the flat surface 51a of the second bonding portion 51 
and one of the spring supports 52. 

Etching technology and micromachining technology for 
semiconductor ICs are employed to form the second plate 50 
with a predetermined shape. The fourth electrode 54, the 
fourth terminal 55, and the fourth wire 56 are formed by 
depositing conductive material, such as aluminum. The flat 
surface 51a of the second plate 50 and the second surface 39 
of the intermediate plate 30 are anode-connected. 

The semiconductor sensor 16 is connected to the circuit 
board 15 of Fig. 2. The first, second, third, and fourth 
terminals 33, 34, 46, and 55 are connected to the 
transmitter controller 24 of Fig. 3. 
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The operation of the semiconductor sensor 16 and the 
pressure sensing portion 21 will now be discussed. 

A gas having a predetermined pressure is sealed in the 
hermetic chamber 48. The outer surface of the first plate 
40 is exposed to the air in the tire 3. Accordingly, the 
diaphragm 42 is deformed in accordance with the difference 
between the gas pressure in the hermetic chamber 48 and the 
air pressure in the tire 3. 

The first electrode 31 of the intermediate plate 30 and 
the third electrode 45 of the diaphragm 42 face towards each 
other and form a capacitor. Deformation of the diaphragm 42 
changes the distance between the first electrode 31 and the 
third electrode 45. The capacitance changes in accordance 
with the distance. 

When the diaphragm 42 is not deformed, that is, when 
the gas pressure in the hermetic chamber 48 is the same as 
the air pressure in the tire 3, the distance between the 
first electrode 31 and the third electrode 45 is represented 
by dl, the dielectric constant of the gas in the hermetic 
chamber 48 is represented by el, and the opposing area of 
the first electrode 31 and the third electrode 45 is 
represented by SI. The capacitance CI of the first 
electrode 31 and the third electrode 45 when the diaphragm 
42 is not deformed is represented by equation 1. 

CI = el x SI / dl [equation 1] 

When the air pressure in the tire 3 changes, the 
diaphragm 42 is deformed. This changes the distance between 
the first electrode 31 and the third electrode 45 from dl to 
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d2 . The capacitance C2 of the first electrode 31 and the 
third electrode 45 for distance d2 is represented by 
equation 2. 

C2 = el * si / d2 [equation 2] 

Accordingly, measurement of the capacitance of the 
first electrode 31 and the third electrode 45 with the first 
terminal 33 and the third terminal 4 6 enables measurement of 
the distance between the electrodes 31 and 45, or the level 
of deformation of the diaphragm 42. As a result, the air 
pressure of the tire 3 is detected. 

The operation of the acceleration sensing portion 22 of 
the semiconductor sensor 16 will now be discussed. 

The spring supports 52 support the mass 53 movably in a 
direction perpendicular to the second electrode 32. 
Accordingly, when the acceleration sensing portion 22 

(semiconductor sensor 16) is accelerated, the mass 53 is 
moved in accordance with the level of an acceleration 
component that is perpendicular to the second electrode 32 

(hereafter, simply referred to as acceleration) . 

When the semiconductor sensor 16 is not accelerated 
(e.g., a state in which the automobile is stopped), the 
distance between the second electrode 32 and the fourth 
electrode 54 is represented by d3, the dielectric constant 
of the air pressure in the tire 3 is represented by e2, and 
the opposing area of the second electrode 32 and the fourth 
electrode 54 is represented by S2 . The capacitance C3 of 
the second electrode 32 and the fourth electrode 54 when the 
semiconductor sensor 16 is not accelerated is represented by 
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equation 3. 



C3 = e3 x S3 / d3 



[equation 3] 



When the automobile is moving, the semiconductor sensor 
16 is accelerated. The mass 53 moves in an inertial manner 
in accordance with the level of acceleration. When the mass 
53 moves and the distance d4 between the second electrode 32 
and the fourth electrode 54 is represented by d4, the 
capacitance C4 of the second electrode 32 and the fourth 
electrode 54 is represented by equation 4 . 



The force F applied to the mass 53 by the acceleration 
gv is represented by equation 5. 



In equation 5, k represents the spring constant of the 
spring support 52, M represents the weight of the mass 53, 
and AL represents the distance moved by the mass 53. 

The distance moved AL corresponds to the change in the 
distance between the second electrode 32 and the fourth 
electrode 54. Further, the distance moved AL is related to 
the difference AC between the capacitance C3 of the distance 
C3 and the capacitance C4 of the distance d4 . Thus, the 
acceleration gv is represented by equation 6. 



C4 = e2 x S2 / d4 



[equation 4] 



F = M x gv = K * AL 



[equation 5] 



gv = k x e2 x S2 / (M x AC) 



[equation 6] 



Accordingly, the acceleration gv is monitored by 
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measuring the capacitance Cv of the second electrode 32 and 
the fourth electrode 54 with the second terminal 34 and the 
fourth terminal 55 and by measuring changes in the 
capacitance Cv. 

The preferred embodiment has the advantages described 
below . 

(1) The semiconductor sensor 16 is a module on which a 
pressure sensing portion 21 for detecting pressure and an 
acceleration sensing portion 22 for detecting acceleration 
are formed integrally with the two surfaces 38 and 39 of the 
intermediate plate 30. Accordingly, the semiconductor 
sensor 16 is light and compact, which in turn, results in 
the transmitter 4 being light and compact. 

(2) The intermediate plate 30 is made of glass, and the 
first plate 40 and the second plate 50 are made of silicon. 
The first plate 40 and the second plate 50 are manufactured 
by employing etching technology, technology relevant to 
etching technology, and micromachining technology for 
semiconductor ICs . 

(3) The spring support 52 is movable in the vertical 
direction relative to the surface of the second electrode 
32. This facilitates the detection of acceleration in a 
single direction. 

(4) Pressure and acceleration are detected by a single 
semiconductor sensor. Accordingly, in comparison to a prior 
art transmitter having two sensors, which are the pressure 
sensor and the acceleration sensor, the transmitter 4 of the 
preferred embodiment simplifies assembly and reduces the 
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manufacturing cost of the transmitter 4. 



It should be apparent to those skilled in the art that 
the present invention may be embodied in many other specific 
forms without departing from the spirit or scope of the 
invention. Particularly, it should be understood that the 
present invention may be embodied in the following forms. 

Instead of detecting acceleration acting perpendicular 
to the surface of the second electrode 32 (vertical 
component) , acceleration acting parallel to the surface of 
the second electrode 32 (parallel component) may be 
detected. For example, the preferred embodiment may be 
modified to a semiconductor sensor 16a, which is shown in 
Fig. 7. 

The semiconductor sensor 16a is configured by an 
intermediate plate 30a, a first plate 40, and a second plate 
50a. A second electrode 32a, which is arranged on a second 
surface 39 of the intermediate plate 30a, has a cut-away 
portion and is D-like in shape. In the example of Fig. 7, 
part of the second electrode 32a is cut away so that a chord 
is defined opposite to a first terminal 33. Due to this 
shape, the area center of the second electrode 32a and the 
area center of a fourth electrode 54 of the second plate 50a 
are offset from each other. 

Spring supports 52a of a second plate 50a support the 
mass 53 in a manner elastically movable in a direction 
parallel to the second electrode 32a but unmovable in a 
direction perpendicular to the second electrode 32a. Each 
spring support 52a is formed so that the spring support 52a 
is wide in the direction perpendicular to the flat surface 
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51a and narrow in the direction parallel to the flat surface 
51a. 



Acceleration moves the mass 53 in a direction 
intersecting the chord of the second electrode 32a and 
varies the opposing area of the second electrode 32a and the 
fourth electrode 54. The varied amount corresponds to the 
moving direction of the mass 53. In the example of Fig. 7 
in which part of the second electrode 32a is cut away so as 
to form a chord in a direction opposite to the surface 
having the first terminal 33, when the mass 53 moves toward 
the first terminal 33, the opposed area of the second 
electrode 32a and the fourth electrode 54 increases. On the 
other hand, when the mass 53 moves away from the first 
terminal 33, the opposed area decreases. 

The change in the opposed area is related to the 
distance moved by the mass 53, or the level of acceleration. 
Further, the capacitance of the second electrode 32a and the 
fourth electrode 54 is proportional to the opposed area. 
Accordingly, measurement of the capacitance of the two 
electrodes 32a and 54 enables detection of the distance 
moved by the mass 53, or the acceleration applied to the 
semiconductor sensor . 

In the preferred embodiment, the intermediate plate 30a 
of Fig. 7 may be used in lieu of the intermediate plate 30. 
More specifically, the intermediate plate 30a and the second 
plate 50 are bonded to obtain a semiconductor sensor that 
detects acceleration in a direction perpendicular to the 
second electrode 32a. Further, the intermediate plate 30a 
and the second plate 50a of Fig. 7 are bonded to each other 
to obtain a semiconductor sensor for detecting acceleration 
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in a direction parallel to the second electrode 32a. 



The shapes of the electrodes 31, 32, 32a, 45, and 54, 
the cavity 41, and the mass 53 may be changed as required. 

The semiconductor sensors 16 and 16a may be applied to 
an apparatus other than one that monitors a tire condition. 

In the preferred embodiment, acceleration is detected. 
However, it is only necessary for the transmitter 4 
incorporating the semiconductor sensor 16 or 16a to 
determine whether or not the vehicle 2 is moving. For 
example, the transmitter controller 24 may store the 
capacitance of the second electrode 32 or 32a and the fourth 
electrode 54 when the vehicle 2 is not moving and compare 
the stored capacitance with the present capacitance. If the 
two capacitances are the same or the difference between the 
two capacitances is less than a predetermined value, it is 
determined that the vehicle 2 is not moving. If the two 
capacitances are not the same or the difference between the 
two capacitances is greater than or equal to the 
predetermined value, it is determined that the vehicle 2 is 
moving . 

The present examples and embodiments are to be 
considered as illustrative and not restrictive, and the 
invention is not to be limited to the details given herein, 
but may be modified within the scope and equivalence of the 
appended claims. 
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